A wide variety of anodic oxide films were investigated from the photoluminescent point of view. It was found that the phenomenon of photoluminescence appears only on the films anodically formed in organic acids instead of inorganic acids. In particular, thick oxalic acid films formed in low electrolyte concentration, with high current densities on high purity aluminium, gave intense photoluminescence. The luminescent centres were presumed to be the carboxylate ions which had been incorporated in the films during anodisation.
INTRODUCTION 2. EXPERIMENTS
It is well known that anodic oxide films on aluminum exhibit many interesting properties such as rectifying action, photoconduction, 2 photo-voltaic effect, 3 etc. The phenomenon of luminescence is also one of these properties, and occurs in two types: (a) Electroluminescence (EL)4-6 which is seen during anodisation of aluminum in certain electrolytes such as oxalic acid and ammonium borate; and (b) Photoluminescence (PL)7-13 which is seen with anodic oxide films formed in oxalic acid, when irradiated by ultra-violet light.
Although many studies have been made of the photoluminescence of anodic oxide films on aluminum, all of these are concerned only with anodic oxide films formed in the solution of oxalic acid. Among these studies, the mechanism of photoluminescence and nature of luminescent centres have been discussed by Ruziewicz 9 for the former and by Tseitina 12 for the latter. However, as is well known, anodic oxide films can be formed in a variety of electrolytes other than oxalic acid, and we found that some films show photoluminescence while others do not. Therefore, the theories proposed by Ruziewicz and by Tseitina The emission spectrum typical of the films formed in organic acid solution referred to above is shown in Figure 2 . The two emission peaks appear near 460 nm and 520 nm.
Effect of the impurities in aluminium. Aluminium is usually contaminated by small amounts of iron, copper, and silicon. Therefore, anodic oxide films always contain these impurities regardless of the forming electrolytes used. The effect of these impurities on the photoluminescent properties of the films were examined using aluminium of 99.999%, 99.99%, and 99.8% purity. The contents of iron, copper, and silicon are listed in Table 2 for each aluminium.
The variation of the impurity concentrations in the film did not affect the characteristics of emission spectra. When the film thickness was 3/am the difference in the intensity of the natural colour among respective films was insignificant, and PL intensity was independent of the aluminium used.
However, when the film thickness exceeded 3/am and the difference of the colour among the respective films became significant, the difference in PL intensity increased correspondingly.
The oxide films anodically formed in oxalic acid exhibit yellowish-brown colour. The mechanism of colouring is not yet clear, but its intensity is partly dependent upon the impurity concentrations in the substrate A1, upon current densities applied and the film thickness. Aluminium of 99.99%, 99.999% gave slightly coloured films, while that of 99.8% gave deep colour shades. The ultraviolet-visible transmittance spectra of these films were compared at the thickness Figure 4 . The variation of the formation current density gave no changes in the characteristics of emission spectra. As is clear from Figure 4 Figure   5 . Variation of the electrolyte concentration gave no changes in the characteristics of emission spectra or in the intensity of the colour. The lower electrolyte concentration favours PL intensity. The difference in PL intensity due to the variation of the electrolyte concentration is constant and determined at the film thickness as thin as 3 tam. Further increase in thickness produces no change in this relation. Mason 18 also reported that the incorporation was greater at higher current density during film formation. These facts and our experimental observations seem to be quite favourable for the hypothesis that the photoluminescence may be caused by the organic materials incorporated into the film during anodization. C-O bonds in the carboxylate ion structure, 19 namely, the organic materials in organic acid films are present in the form of carboxylate ion. This indicates the presence of formate, oxalate, tartarate, citrate, etc. in respective films, which may be the luminescent centres of anodic oxide films on aluminium.
Further investigation into the incorporation mechanism of these carboxylate ions in anodic oxide films, i.e., the investigation of the behaviour of organic anions during film formation is needed to understand their bond structure in anodic oxide films. However, it may be reasonable to consider that the bond structure of carboxylate group in anodic oxide films is nearly the same as that of formate on alumina surface which is intermediately formed by the reaction of formic acid with catalytic alumina obeying the following reaction scheme. Anodic oxide films are usually amorphous 21 and contain an appreciable amount of water in the form of hydroxide or hydratred alumina (A10.OH)or both.:: Similarly the carboxylate ion is bonded with the film as shown above and presumed to exist interstitially in the three dimensional and amorphous network structure, interacting with OH group from bound water or with the substrate alumina.
